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Abstract Maintaining a multi-model database over a generation or more of model development pro-
vides an important framework for assessing model improvement. Using control integrations, we com-
pare the simulation of the El Nifio/Southern Oscillation (ENSO), and its extratropical impact, in
models developed for the 2007 Intergovernmental Panel on Climate Change (IPCC) Fourth Assess-
ment Report with models developed in the late 1990°s (the so-called Coupled Model Intercomparison
Project-2 [CMIP2] models). The IPCC models tend to be more realistic in representing the frequency
with which ENSO occurs, and they are better at locating enhanced temperature variability over the
eastern Pacific Ocean. When compared with reanalyses, the IPCC models have larger pattern correla-
tions of tropical surface air temperature than do the CMIP2 models during the boreal winter peak phase
of El Nifio. However, for sea-level pressure and precipitation rate anomalies, a clear separation in per-
formance between the two vintages of models is not as apparent. The strongest improvement occurs
for the modelling groups whose CMIP2 model tended to have the lowest pattern correlations with ob-
servations. This has been checked by subsampling the multi-century IPCC simulations in a manner to
be consistent with the single 80-year time segment available from CMIP2. Our results suggest that
multi-century integrations may be required to statistically assess model improvement of ENSO. The
quality of the El Nifio precipitation composite is directly related to the fidelity of the boreal winter pre-
cipitation climatology, highlighting the importance of reducing systematic model error. Over North
America distinct improvement of El Nifio forced boreal winter surface air temperature, sea-level pres-
sure, and precipitation rate anomalies in the IPCC models occurs. This improvement, is directly pro-

portional to the skill of the tropical El Nifio forced precipitation anomalies.



1 Introduction

In advance of the Intergovernmental Panel on Climate Change Fourth Assessment Report (IPCC
AR4) climate modelling groups from around the world have performed an unprecedented suite of sim-
ulations in order to assess the possible anthropogenic effects of greenhouse gases on the Earth’s cli-
mate. An integral component of the [PCC AR4 is an evaluation of the mean state and the variability of
the models under pre-industrial and present-day conditions to understand the strengths and weaknesses
of the models. This will provide a baseline against which the climate change simulations can be com-
pared.

Using control simulations, our goal is to compare and contrast the ability of the IPCC models to
simulate the El Nifio/Southern Oscillation (ENSO) with respect to the previous generation of models
developed in the mid- to late 1990’s. Since Southern Oscillation phenomena were first identified in a
coupled ocean-atmosphere model (Sperber et al. (1987), numerous intercomparisons have been made
of simulated ENSO variability. Neelin et al. (1992) found that numerous coupled feedback mecha-
nisms for interannual variability were present in the early models, and that there was a “lack of robust-
ness” in the ability of the models to simulate the “extent and position of the equatorial cold tongue and
the western Pacific warm pool.” Climate drift was also noted as major problem since, in some cases,
it occurred via coupled processes that were not entirely distinct from those present in ENSO, and be-
cause of the unrealistic time-mean state to which many of the models evolved. Latif et al. (2001) found
that few models were able to simulate the “gross equatorial SST (sea surface temperature) anomalies
realistically” with the models overestimating (underestimating) SST variability in the western (east-
ern) tropical Pacific Ocean. Using many of the same models, Davey et al. (2002) linked the weak SST
variability to errors in the wind stress, and noted that “most models have difficulty in reproducing the
observed Pacific ‘horseshoe’ pattern of negative SST correlations with interannual Nifio3 SST anom-
alies...” AchutaRao and Sperber (2002) placed an increased emphasis on assessing the ability of the

models to simulate the spatial structures of the Walker circulation anomalies, and the warming and en-



hanced rainfall over the central/eastern tropical Pacific. More than two-thirds of the CMIP2 models
they analyzed displaced these key ENSO signatures westward of their observed locations with the
anomalies tending to be much weaker than observed, and many of the models exhibited a biennial peak
in the power spectra of NINO3 temperature. This paper is an extension of the analysis of AchutaRao
and Sperber (2002; hereafter referred to as AS02) using the more recent IPCC models. Applying this
same methodology allows us to directly compare the fidelity with which ENSO is simulated in the two
sets of models. Additionally, we have performed a more detailed analysis of ENSO teleconnections
over the North American region, and we have included a statistical analysis to link this teleconnection
to the quality of the El Nifio forced precipitation in the tropics.

Numerous other evaluations of ENSO in the IPCC models have been performed. Wittenberg et
al. (2005) analyzed the two IPCC GFDL models finding that they have a realistic ENSO period, in-
cluding interdecadal variability. They noted the maximum ENSO SST anomalies were too strong as a
result of being “too weakly damped by the surface heat fluxes”, and they were displaced west of the
observational maximum. This in turn affected the ENSO related teleconnection in the vicinity of North
America. With a subset of the IPCC models Capotondi et al. (2005) note the applicability of the re-
charge oscillator of thermocline variations for ENSO variability, while Guilyardi (2005) and van Old-
enborgh et al. (2005) also note the presence of an SST mode using a more complete suite of IPCC
models. In the IPCC climate change simulations Merryfield (2005, Journal of Climate, submitted) and
van Oldenborgh et al. (2005) find statistically significant changes in ENSO amplitude when the cli-
mate change signal is interpreted in the context of a model’s internal variability from the control inte-
gration. However, there is no consensus on the sign of the amplitude change, and the changes are
smaller than observed interdecadal variations. Merryfield (2005) suggests that the sign of the ENSO
amplitude change is related to how broad the tropical Pacific ENSO windstress signal is and whether
a model is dominated by an SST mode or a thermocline mode of ENSO variability. In the CMIP2 cli-

mate change simulations Collins et al. (2005) found no trend in ENSO, though they could not exclude



a switch to El Nifo-like conditions with a small probability. The complexity of the feedbacks and in-
teractions that drive and affect ENSO and the quality of the simulation of ENSO, the seasonal cycle,
and the time-mean state in the control/present-day conditions requires continuing close scrutiny due to
the important ramifications of forecasting ENSO on interannual and longer time scales.

In Section 2 we give brief details of the models and validation data used in this study. In section
3 we assess improvements in the simulation of ENSO, including extratropical teleconnections over the

Northern Hemisphere, and our conclusions and further discussion are contained in Section 4.

2 Models and Validation Data

2.1 The models

Table 1 contains basic information on the IPCC models studied in this paper and their configurations.
It also lists the number of years of model simulation analyzed, which ranges from 100-500 years in
duration. (Note: the CMIP2 models analyzed by AS02 were all of 80 years duration). These are control
simulations in which greenhouse gases are held fixed at preindustrial levels. Numerous modelling
groups submitted data from more than one model version. The two GFDL models differ in their dy-
namical core, cloud scheme, and land model. The atmosphere and ocean component models in GISS-
AOM differ from those of GISS-EH and GISS-ER. These latter two models only differ in the choice
of ocean model. The two MIROC models employ the same physics, but are configured at different hor-
izontal and vertical resolutions. From the National Center for Atmospheric Research (NCAR) results
were submitted from the Parallel Climate Model (PCM), which was also used in CMIP2, and from the
Community Climate System Model Version 3 (CCSM3). The UK Met Office HadCM3 IPCC data is
from a later portion of the same integration used in CMIP2, and they also contributed data from their
latest coupled model, HadGEM 1. Auxiliary information about the IPCC models can be found at:
http://www-pcmdi.llnl.gov/ipcc/model_documentation/ipcc_model_documentation.php

The configurations of the CMIP2 models are discussed in AS02 with additional information at:



http://www-pcmdi.llnl.gov/projects/modeldoc/cmip/index.html

In order to perform a consistent analysis between the [IPCC and the CMIP2 models we also ana-
lyze the surface air temperature since SST was unavailable from the CMIP2 simulations (AS02). We
did not find any significant difference in our analysis of [IPCC models by using the surface air temper-
ature instead of the SST. Of the 19 IPCC models analyzed herein, 15 have previous generation coun-
terparts that were evaluated by AS02, and this subset of models can be used to directly evaluate the

impact of model development.

2.2 Validation data

Observed precipitation estimates from the Global Precipitation Climatology Project (GPCP; Huffman
1995, 1997) are used for model validation. GPCP is a merged product that incorporates satellite mi-
crowave and infrared data with rain gauge observations and covers the period (1979-2000). For surface
air temperature and sea-level pressure reanalysis from the European Centre for Medium-Range Weath-
er Forecasts Reanalysis-40 (ERA40) is the primary validation dataset. Additionally, data from Nation-
al Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR)
reanalysis is presented where appropriate. Multiple sources of “observational” data provide a rough
estimate of observational uncertainty within which to assess model performance. ERA40 is a second
generation reanalysis that uses the integrated forecast system that was operational from June 2001 to
January 2002. The model was run at a horizontal resolution of T159 with 60 vertical levels. Further
details of ERA40 can be found in Kallberg et al. (2005) and Uppala et al. (2005). The NCEP/NCAR
Reanalysis was a joint project between NCEP and NCAR to produce a multi-decadal record of global
atmospheric analyses with a fixed data assimilation system (Kalnay et al. 1996). This version of the
model was operational in January 1995, and was run at a horizontal resolution of T62 with 28 vertical
levels. From NCEP/NCAR reanalysis we analyze the period 1949-1998, and in limited cases 1979-93

to be consistent with ERA15 (Gibson et al. 1997, the first generation reanalysis from ECMWF). The



Hadley Centre Ice and Sea Surface Temperature (HadISST; Rayner et al. 2003) version 1.1 dataset is
used to demonstrate the consistent spectral features and regional variations between SST and those de-

rived from the reanalysis surface air temperature.

3 The El Nifio/Southern Oscillation

In this section we will examine how well the models represent the temperature variability over the trop-
ical Pacific in terms of amplitude, location, and power spectra. We also examine El Nifio composites
of surface air temperature, sea-level pressure, and precipitation for the boreal winter season to gauge
improvement in an [PCC model compared to its CMIP2 predecessor. We will examine the relationship
of the ENSO performance to the quality of the mean state and quantify the skill of El Nifio forced tele-

connection over North America, and relate it to the quality of the tropical forcing.

3.1 ENSO indices

Using monthly data AS02 evaluated the variability of surface air temperature over the NINO3 (5°N-
5°S, 150°W-90°W), NINO3.4 (5°N-5°S, 170°W-120°W), and NINO4 (5°N-5°S, 160°E-150°W) re-
gions. As seen in Fig. 1, reanalyses indicate that the standard deviation of air temperature increases
from the western Pacific to the eastern Pacific Ocean, consistent with the results for SST using the
HadISST data. For the models we only plot data from the NINO index that exhibited the largest stan-
dard deviation. Thus, we are ascertaining the ability of the models to concentrate their largest temper-
ature variations in the NINO3 region, as observed. In CMIP2 numerous models incorrectly produced
peak variability over the NINO4 region with only 7/17 (41%) models correctly simulating maximum
variability over the NINO3 region. Of the [IPCC models, only 1/19 exhibits the largest variation in the
NINO4 region, while the majority of models (11/19; 58%) correctly represent the maximum variability
in the NINO3 region. (For the IPCC models the numerical values of standard deviations for each of

the regions are given in Table 2. These can be directly compared with those of the CMIP2 models in



Table 2 of AS02). Relative to their CMIP2 counterparts, 8/17 IPCC models were more realistic by
shifting their maximum temperature variability further east, while the remaining 9 showed no change
in the region of peak variability. The CMIP2 models, with two exceptions, tended to underestimate the
standard deviation of the temperature in all three regions, whereas the IPCC models display a broader
range of variability with many models overestimating the temperature variability. For the two IPCC
GFDL models (E1 and E2) there is a 32% difference in their standard deviations of the NINO3.4 tem-
perature, suggesting a substantial impact due to the different dynamical cores, cloud schemes, and land
models. All of the IPCC GISS models exhibit peak surface air temperature variability over NINO3,
but F1 and F2, which differ in both atmosphere and ocean component models, greatly underestimate
the observed standard deviation similar to their CMIP2 entry, f. However, F3, which has the same at-
mospheric model as F2 but a different ocean model, has a realistic level of variability indicating pro-
nounced sensitivity to the choice of ocean model. DOE-PCM was used in IPCC and CMIP2 (M and
m) and they are robust in their standard deviation estimate of NINO3 temperature. However, for
HadCM3 the CMIP2 contribution has 23% greater variability than its HadCM3 counterpart. In order
to eliminate the possibility of the longer time-series in the [PCC submission causing the lowered stan-
dard deviation, we calculated the NINO3 standard deviation over individual 80 year segments of the
HadCM3 IPCC contribution that overlap by all but 10 years. We found that the standard deviations
range between 0.74-1.00, still lower than the CMIP2 estimate. This difference in variability between
the CMIP2 and IPCC contributions suggests that there is interdecadal ENSO variability in this earlier
segment of the integration that was not represented in the (distinct) segment analyzed in IPCC. The
HadCM3 IPCC (CMIP2) contribution has the largest variability over NINO3 (NINO3.4) though the
difference in the standard deviations between the two regions is only 0.01K in each simulation, respec-
tively. AS02 showed that the standard deviation of NINO3 surface air temperature from NCEP/NCAR
reanalysis ranged from approximately 0.5 to 0.85°C on interdecadal time scales using a 15-year mov-

ing window.



For the NINO3 region, we show in Fig. 2 power spectra of surface air temperature from the IPCC
and the CMIP2 models. Relative to the reanalyses and the HadISST SST the IPCC models tend to have
a more a realistic ENSO time scale compared to the CMIP2 models. Approximately 25% of the IPCC
models fail to simulate a spectral peak for periods of 2 to 7 years (Fig. 2a), and these models are those
with weak tropical SST variability. This is an improvement compared to CMIP2 in which nearly 50%
of the models exhibited this shortcoming (Fig. 2b). Also, fewer IPCC models exhibit dominant power

at biennial time scales. Several IPCC models have greater power than observed (see also Table 2).

3.2 Composites of ENSO Events

Using ERA40 reanalyses and GPCP data global composite anomalies of surface air temperature, sea-
level pressure and precipitation have been generated for December-February (DJF) for the peak of the
warm and cold phases of ENSO. As in AS02 we require a consistent atmosphere-ocean response to
clearly depict the El Nifio (La Nifia) events such that the standardized DJF NINO3 surface air temper-
ature anomalies be greater than or equal to 0.6 (less than or equal to -0.6) and the standardized DJF
SOI be less than or equal to -0.6 (greater than or equal to 0.6). These thresholds, derived from obser-
vations, allow us to recover the observed events over the period 1949-1998. For constructing the spa-
tial composites of observed precipitation we only use the ENSO events contained in the shorter period
of the GPCP dataset (1979-2000). The observed composites for El Nifio, given in Figs. 3a-c, depict the
tropical Pacific warming that extends from the dateline to the coast of South America, the perturbation
to the Walker circulation, and the enhancement of tropical rainfall over the central/eastern Pacific
Ocean. Improvement in the representation of these key spatial patterns of El Nifio anomalies are shown
using composites of the CMIP2 and IPCC runs from the Meteorological Research Institute (MRI)
models in Figs. 3d-3f and 3h-3i. The MRI CMIP2 model severely underestimates the surface air tem-
perature anomalies over the eastern Pacific, the positive sea-level pressure anomalies over the western

Pacific are too weak, and the strongest positive rainfall anomalies are displaced at or west of the date-



line. The MRI IPCC model gives an excellent representation of the observed El Nifilo composite pat-
terns over the tropical Pacific, demonstrating increased skill in representing ENSO through model
development. It is not possible to isolate the causal factors that resulted in the improved El Nifio com-
posites due to the whole scale modifications to the coupled model (e.g, a new atmospheric GCM).

To assess model performance we utilize the Taylor plot (Taylor 2001). In this application the
model composite is compared to an “observed” reference composite with the spatial standard deviation
and its associated root-mean-square-difference (RMSD) plotted in relation to the pattern correlation.
These metrics for El Nifio composites of surface air temperature over the tropical domain (30°N-30°S,
90°E-90°W; see the black box in Fig. 3a) are shown in Fig. 4. Relative to ERA40 the result from
NCEP/NCAR reanalysis is also plotted, indicating that the models lie outside of the range of observa-
tional uncertainty. Compared to ERA40 the majority of CMIP2 models underestimated the spatial
standard deviation, whereas the IPCC models span a broader range of values. The majority of IPCC
models have larger pattern correlations and smaller RMSDs (when compared with ERA40) than the
CMIP2 models. Errors in the RMSD arise for two reasons: (1) a poor match between the simulated and
observed spatial patterns, and (2) errors in the magnitude of the anomalies. That the [IPCC models tend
to have larger pattern correlations than the CMIP2 models indicates that errors in the magnitude of the
anomalies remain a substantial component of the RMSD (see Fig. 1 and Table 2). Taylor plots for sea-
level pressure and precipitation (not shown) suggest that there is no clear separation of performance
between the two vintages of models.

An important difference between CMIP2 and IPCC is the length of the control simulation that is
archived. In CMIP2 only 80 years of monthly mean data were archived (AS02) whereas in the IPCC
database longer simulations are archived (Table 1). As seen with the differences in variability in the
NINO3 region of the CMIP2 and IPCC runs of the HadCM3 model, there can be differences within
the same run because of the length and segment of the simulation analyzed. In forming composites,

longer simulations will mean that a larger number of ENSO events are used to generate the composite



pattern which in turn may result in a smoother composite that can give rise to larger pattern correlations
with observations. The smoother composite patterns would be due to a reduction in random heteroge-
neity that occurs during individual events, as well as sampling a larger variety of the “flavors of El
Nifio” including decadal modulation in the strength of El Nifio. In order to account for differences re-
sulting from the analysis of unequal lengths of simulations, we analyzed contiguous 80-year segments
from the IPCC runs that overlap by all but 10 years (e.g., years 1-80, 11-90, 21-100, etc.). For each 80
year segment we recompute the El Nifio composite anomalies and their pattern correlation relative to
observations. While the segments are not completely independent, they do provide an estimate of the
distribution of composite statistics. The spread of an IPCC model’s pattern correlations in the Tropical
region is shown as a bar and whisker plot against the pattern correlation for that model’s CMIP2 coun-
terpart in Fig. 5. The ends of the whiskers indicate the smallest and largest IPCC composite pattern
correlations, the lower and upper limits of the box correspond to the 25th and 75th percentiles, and the
dividing line within the box is the median pattern correlation. The width of the boxes is proportional
to the number of 80-year samples derived from the model’s IPCC control run. For each model a filled
circle indicates the pattern correlation for the composite derived from the full IPCC run. A diagonal
line indicating equal pattern correlations in the IPCC and CMIP simulations is shown for visual refer-
ence.

These plots reveal whether the range of pattern correlations of the composite anomalies in the
IPCC simulation are different from those of the CMIP2 simulation. We consider the IPCC simulation
to be different from the CMIP2 simulation if the box and whisker do not cross the diagonal. Where the
box and whisker lie completely above (below) the diagonal, the IPCC simulation has an improved (de-
graded) pattern correlation compared to its CMIP2 counterpart. Where the box and whisker intersect
the diagonal, there is no clear difference between the IPCC and CMIP2 simulations. With the excep-
tion of M and N1 (see Table 1 for model identification) we are assessing the effect of model develop-

ment from the individual modelling groups. For these two models, this plot reveals differences



between the segments analyzed. We first discuss the 15 IPCC models that are different model versions
from their CMIP2 counterparts.

In the case of surface air temperature (Fig. 5a), 9/15 IPCC models (60%) always have higher pat-
tern correlations with ERA40 than their predecessor CMIP2 model. (i.e., the distribution of pattern cor-
relations given by their bar and whisker plots all lie above the diagonal). It is noteworthy that most of
the CMIP2 models that had pattern correlations <0.6 are among the models that have shown improve-
ment. One model (N2) has degraded compared to its CMIP2 predecessor. The remaining 5 models (F1,
F2, B1, B2 and D) have the box and whisker straddling the diagonal indicating that there is no change
in performance. The IPCC models display diverse behavior in the spread of pattern correlations they
produce even in cases where the number of 80 year segments analyzed is the same (B1 vs. E1 or E2).
This indicates that the spread of correlations appears to be dependent on the model and less so on the
number of 80-year samples (indicated by the width of the box) analyzed. Given the short length of the
observational record we do not know the form of the observed distribution of pattern correlations, and
hence what spread in the distribution is actually realistic.

The pattern correlations derived from the full length of the IPCC data (indicated by the filled cir-
cles) tend to be at the upper end of the whisker and in some cases (e.g., K, N1, and N2), being greater
than that for any individual 80 year segment - possibly as a result of smoothing over a large number of
individual events. A thorough investigation of the reasons for this are beyond the scope of this paper.
An alternative interpretation is that using a longer record length provides a more robust estimate of a
models ability to simulate the El Nifio composites. Under this assumption 11/15 (73%) of IPCC models
have improved pattern correlations of surface air temperature compared to their predecessor CMIP2
model. The discrepancy occurs for models F2 and D whose bar and whisker plots for the individual 80
year segments have some pattern correlations that lie below the diagonal, while for the full record the
pattern correlation lies above the diagonal. It therefore becomes useful to consider equal length sam-

ples from the CMIP2 and IPCC models. Other than the fact that the CMIP2 data were available for 80

-10-



years there was no a priori reason for subsampling the IPCC data in 80 year segments. The diversity
of the distributions of the IPCC pattern correlations from analyzing 80 year segments and the off-di-
agonal distributions of precipitation from M and N1 suggest that multi-century simulations are neces-
sary in order to assess the ability of a model to simulate ENSO and gauge its improvement relative to
previous model versions.

As with surface air temperature, the tropical pattern correlations of El Nifio composite anomalies
of sea-level pressure and precipitation show the most improvement for groups whose CMIP2 models
tended to have low pattern correlations with ERA40 and GPCP precipitation (Figs. 5b and 5c, respec-
tively). However, the pronounced improvement noted for surface air temperature is not evident for sea-
level pressure and precipitation composites. For sea-level pressure (precipitation) only 5 (4) IPCC
models shows improved composites compared to CMIP2, while 4 (9) IPCC models show degraded
performance compared to CMIP2 (based on the IPCC 80-year subsampled pattern correlation distri-
butions not intersecting the diagonal in Fig. 5). As in the case of surface air temperature, all of the im-
provements have been realized in models whose CMIP2 model composite had low pattern correlation.
For both surface air temperature and sea-level pressure the majority of IPCC models have pattern cor-
relations with ERA40 that exceed 0.6. However, a noticeable degradation in the IPCC models occurs
for precipitation composites (Fig. 5¢). Whereas many of the CMIP2 models had pattern correlations
>0.6, their IPCC counterparts exhibit lower pattern correlations. Given the wide scope of model devel-
opment, it is not possible to isolate what aspect of the modified physics or dynamics has caused this
degradation. We provide some possible reasons for this degradation in performance in the discussion
section. Overall, only 3 IPCC models (G, H, and J - the MRI-CGCM2.3.2 presented in Fig. 3) show
improvement in pattern correlations for all three variables based on our methodology of using 80-year
long samples. Suggested improvement for all three variables extends to 5 additional IPCC models (A,
El, E2, F2, and K) if one considers the full record length. We performed a similar analysis (not shown)

using the RMSD of the model composites with respect to the composites from observations. Our con-
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clusions based on the increases (decreases) in pattern correlations are confirmed by corresponding de-
creases (increases) in RMSD.

Numerous studies have indicated that the realism of variability is directly related to an accurate
simulation of the mean state. In simulations forced with observed SST Sperber and Palmer (1996) and
Sperber et al. (1999) showed that models that had a more realistic boreal summer precipitation clima-
tology over India were better able to capture the monsoon-ENSO teleconnection. Using HadCM3,
Turner et al. (2005) showed that improving the mean state of the tropical Pacific through the use of
flux-adjustment gave rise to a more realistic ENSO that in turn improved the summer monsoon-ENSO
teleconnection. Annamalai et al. (2005) find that realistic representation of the summer monsoon-
ENSO relationship is predicated on simulating realistic time mean rainfall over the monsoon region
and properly representing the ENSO evolution of sea surface temperature and diabatic heating in the
tropical Pacific. AS02 had noted that the CMIP2 models with more realistic composite patterns also
had more realistic precipitation climatologies for the DJF season. In Fig. 6 we show the relationship
between the pattern correlations of the precipitation rate climatology and the El Nifio composite in the
tropical Pacific. Our results indicate that the quality of the El Nifio precipitation composite is directly
proportional to the quality of the time-mean rainfall during the boreal winter season. The relationship
is statistically significant at the 5% level using a two-tailed t-test for both the CMIP2 and IPCC models.

This further highlights the importance of reducing systematic error in models.

3.3 The Extratropical Response to El Nino

Perturbations of sea-level pressure and surface air temperature in the vicinity of North America
were first linked to the Southern Oscillation by Walker and Bliss (1930), and have been investigated
in increasing detail over the past 40 years. Observational studies by Bjerknes (1966, 1969), Horel and
Wallace (1981), van Loon and Madden (1981), Barnston and Livezey (1987), and Trenberth and Caron

(2000) for example, established that the teleconnections tend to be strongest during boreal winter when
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the ENSO forced diabatic heating anomalies in the central Pacific are strongest. While many papers
have shown that general circulation models simulate well the geopotential height anomalies associated
with ENSO (e.g., Kumar and Hoerling 1997), extratropical signals in sea-level pressure, surface tem-
perature, and precipitation also need to be considered. For surface air temperature, the extratropical
response is characterized by warming over Canada, extending to the Great Lakes and into the north-
eastern United States (Fig. 3a). Negative sea-level pressure anomalies prevail over much of North
America, especially over the Pacific northwest and off the east coast of the United States, whereas
above normal sea-level pressure anomalies occur over northeastern Canada (Fig. 3b). With the reduced
sea-level pressure off the west coast of the North America the westerly jet tends to be more zonal, with
the result that rainfall is more plentiful near the west coast of the United States (Fig. 3¢). Enhanced
rainfall along the Gulf coast and the southeastern United States are also common features observed
during El Nifio. In this section we compare and contrast the ability of the CMIP2 and the IPCC models
to capture these aspects of the extratropical response to El Nifio over the North American region
(20°N-70°N, 140°W-60°W; see the red box in Fig. 3a).

Using Taylor plots we assess the ability of the models to capture the December-February El Nifio
composites over the “North American” region shown in Fig. 3 by the red box. The results in Fig. 7a
are for surface air temperature anomalies as compared to ERA40. The NCEP/NCAR reanalysis is
shown along with the models to give a measure of how far the models are from a second observation-
ally based dataset. The IPCC models tend to perform better than the CMIP2 models with the majority
having pattern correlations (RMSDs) in excess (below) of 0.2 (1.0). Similarly, for sea-level pressure
and precipitation the [IPCC models exhibit improved Taylor statistics compared to the CMIP2 models
(Figs. 7b and 7c). The models best represent the sea-level pressure composite, followed by precipita-
tion and surface air temperature. This suggests that the precipitation signal may be more predictable
than the temperature signal in the [IPCC models, consistent with the analysis of a subset of IPCC mod-

els using the 20th century integrations (Joseph and Nigam 2005, Journal of Climate, submitted). As
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with the tropics, subsetting the IPCC model data into 80 year segments to create a distribution of pat-
tern correlations for the North America region indicates that the improvement tends to be strongest for
groups whose CMIP2 models were most problematic (not shown).

ASO02 suggested that a westward displacement of diabatic heating anomalies in the tropical Pa-
cific could give rise to a westward displacement of the warm anomalies that typically occur over the
northern tier of North America (Fig. 3a). Hoerling and Kumar (2002) performed sensitivity experi-
ments using an atmospheric GCM in which idealized warm SST anomalies were prescribed at different
locations in the tropical Pacific. A shift of the associated diabatic heating from 170°E to 140°W caused
a reversal of the sign of the precipitation anomalies along the west coast of North America. In the
GFDL-CM2.0 and GFDL-CM2.1 models Wittenberg et al. (2005) noted that the westward displace-
ment of the ENSO related 200hPa geopotential heights over Canada is associated with a similar dis-
placement of the tropical ENSO forcing. These results establish that simulating the correct location of
the maximum diabatic heating in the tropics is essential in order to correctly represent the observed
teleconnection between El Nifio and the extratropics. Given the importance of the ENSO forced trop-
ical diabatic heating for establishing the extratropical teleconnection, in Fig. 8 we show the pattern cor-
relations of the DJF El Nifio composites over North America in relation to the concomitant tropical
precipitation composite pattern correlations. The results are shown for the individual 80 year segments
(colored dots) and the full record (lettered circles) of the IPCC simulations. For all three variables lin-
ear regression indicates that a better representation of the North American teleconnection is associated
with a better representation of the tropical El Nifio precipitation composite pattern correlations. This
result, based on the 80 year segments, is statistically significant at the 1% level using a two-tailed t-
test that assumes no a priori relationship. A closer look at precipitation, Fig. 8a, shows that some mod-
els have robust pattern correlations in the tropics and over North America with little spread indicated
by the 80 year segments (e.g., N2, V, C, N1, and J). Thus it is clear that across models a higher pattern

correlation over the tropical Pacific yields a better pattern correlation over North America. Proportion-
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ate skill between the tropics and North America also holds for individual models that exhibit a wide
range of skill in their 80 year segments (e.g., M, H, U, and A). The close association between “tropical”
skill and the “North American” skill is readily apparent for MRI-CGCM2.3.2 as seen in Figs. 3a-3c¢
and 3g-3i. It should be kept in mind that there may be other factors contributing to the improved El
Nifio teleconnection pattern over North America, such as an improved representation of the extratrop-
ical longwave pattern that would facilitate the tropical-extratropical linkage (e.g, Joseph and Nigam

2005).

4 Summary and Discussion

The analysis of ENSO simulations in the CMIP2 models by AS02 is used as a benchmark for evaluat-
ing the latest IPCC models developed by many of the worlds climate modelling centers. Relative to
their CMIP2 counterparts, nearly two-thirds of the IPCC models exhibited increased pattern correla-
tions of surface air temperature and sea-level pressure anomalies over the tropics during the boreal
winter peak phase of El Nifio. However, most IPCC models show decreased pattern correlation of pre-
cipitation rate anomalies relative to their CMIP2 counterparts. The positive rainfall anomalies tend to
extend too far west along the equator, and this error is more pervasive than in the CMIP2 models. This
may be associated with the tendency for the IPCC models to produce a split ITCZ over the western
Pacific. A contributing factor may be the relative lack of the use of flux-adjustment in IPCC models
(2) compared to the CMIP2 models (10) since this artificial constraint helps maintain a realistic basic
state. During the boreal winter peak phase of El Nifo all of the IPCC models that improved their com-
posite tropical precipitation rate anomaly pattern correlations also improved their pattern correlations
of surface air temperature and sea-level pressure anomaly composites in the tropics. Importantly, the
quality of the El Niflo composite precipitation rate anomalies is directly proportional to the quality of
the boreal winter tropical precipitation rate climatology, thus underscoring the importance of reducing

errors in the time-mean state. Improvement in the composite tropical precipitation rate anomaly pattern

-15-



correlation also gives rise to a statistically significant improvement of pattern correlations of surface
air temperature, sea-level pressure, and precipitation rate composites over the North American region.
This demonstrates the sensitivity of this key El Nifio teleconnection pattern to the fidelity with which
the tropics is represented.

Over the past 20 years dramatic improvement in our ability to simulate ENSO has occurred.
Some of this improvement can be attributed to improved physical parameterizations in the ocean, such
as vertical mixing and the computing power necessary to run the ocean models at high enough resolu-
tion to begin to resolve equatorial wave dynamics. These aspects of coupled model formulation prob-
ably account for a substantial fraction of the improvement in ENSO simulation that occurred between
the Neelin et al. (1992) and the ASO2 intercomparisons. However, these improvements are not suffi-
cient conditions for a realistic ENSO simulation. The sensitivity of the east-west temperature gradient
and the variabilty of tropical Pacific SST due to physics changes within an atmospheric model have
been noted by Schneider (2002) and due to changes in an ocean model by Meehl et al, (2001). Guil-
yardi et al. (2004) used different model configurations that shared either the same ocean or atmospheric
components. They found that the atmospheric model played the dominant role in setting the periodicity
of ENSO, and that increased horizontal resolution in the atmospheric model gave a more realistic
broadband spectrum of interannual variability as opposed to “a single, preferred-too high-frequency”
in the lower resolution version. Thus, due to the coupled ocean-atmosphere nature of ENSO, constant
re-evaluation of ENSO simulations in models is needed. The results presented in this study indicate
that climate models tend to be more realistic than ever in their simulation of tropical ENSO variability,
and its forced extratropical response in the vicinity of North America during boreal winter. This indi-
cates that compared to the climate models used in the IPCC Third Assessment Report (Houghton et al.
2001), we should have increased confidence in predictions of the impact of anthropogenic forcing on
this mode of variability for the [PCC models analyzed herein, though this is conditional since the mod-

els must also properly represent climate change feedback processes. These results underscore the sen-
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sitivity of tropical-extratropical linkages, and the high standards to which model development should

endeavor.
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Table Captions

Table 1. Table of IPCC models analyzed in this study listed by modelling group. Information is also
provided about the model designations, the horizontal and vertical resolution of the atmospheric and
oceanic component models, and length in years of the pre-industrial control run analyzed. The corre-

sponding lower case alphabetic character represents the predecessor CMIP2 model in the figures

Table 2. The standard deviations of monthly anomalies of temperature (°C) over the NINO3 (5°N-5°S,
150°W-90°W), NINO3.4 (5°N-5°S, 170°W-120°W), and NINO4 (5°N-5°S, 160°E-150°W) regions.
Numbers in bold represent the region with peak variability. For the reanalyses and the models the re-

sults are for surface air temperature. For HadISST the results are for sea surface temperature
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Table 1. Table of IPCC models analyzed in this study listed by modelling group. Information is also provided

about the model designations, the horizontal and vertical resolution of the atmospheric and oceanic component

models, and length in years of the pre-industrial control run analyzed. The corresponding lower case alphabetic

character represents the predecessor CMIP2 model in the figures

AGCM OGCM Leneth of
. a Model Designation and | Horizontal/ Horizontal/ £
Modelling Group . . . Run
Figure Symbol [ ] Vertical Vertical .
. . Archived
Resolution Resolution
Canadian Centre for Climate Mod- | CGCM3.1(T47) [A] T47 L31 192x96 L.29 500
elling & Analysis
Center for Climate System Research | MIROC3.2(medres) [B1] T42 L20 256x192 144 500
(The University of Tokyo), National | MIROC3.2(hires) [B2] T106 L56 T106 L48 100
Institute for Environmental Studies,
and Frontier Research Center for
Global Change (JAMSTEC)
CSIRO Atmospheric Research CSIRO-MK3.0 [C] T63 L18 1.875x0.925L31 380
Max Planck Institute for Meteorol- | ECHAMS5/MPI-OMP [D] T63 L32 1.5x1.5 L40 332
ogy
Geophysical Fluid Dynamics Labo- | GFDL-CM2.0 [E1] N45 L24 1x0.33-1 L50 500
ratory (NOAA) GFDL-CM2.1 [E2] N45 L24 1x0.33-1 L50 500
Goddard Institute for Space Studies | GISS-AOM [F1] 90x60 L12 90x60 L16 251
(NASA) GISS-EH [F2] 72x46 L17 | 2x2 cos(lat) L16 400
GISS-ER [F3] 72x46 L17 72x46 L13 500

LASG/Institute of Atmospheric FGOALS-g1.0 [G] 128x60 L26 360x170 L33 150
Physics
Institut Pierre Simon Laplace IPSL-CM4 [H] 96x72 L19 2x2 L31 230
Meteorological Research Institute MRI-CGCM2.3.2 [J] T42 L30 2x0.5-2.5 L23 350
National Center for Atmospheric CCSM3¢ [K] T85L26 230
Research PCM [M] T42 L18 384x288 L32 350
Hadley Centre for Climate Predic- UKMO-HadCM3 [N1] 2.5x3.75 1.25x1.25 L20 341
tion and Research/Met Office UKMO-HadGEMI1 [N2] NO96 L38 1x0.33-1 L40 140
Centre National de Recherches CNRM-CM3 [U]d T42 L45 180x170 L33 390
Météorologiques (Meteo-France)
Institute for Numerical Mathematics | INM-CM3.0 [V]d 4x5 L21 2x2.5 L33 330

4Several CMIP2 models analyzed do not have IPCC counterparts or they are not used as the CMIP2 counterpart for
for assessing the performance change of the IPCC model. Their model names (as in AS02) and figures symbols
in this paper [ | are: BMRC [p], CERFACS [q], ECHAM3+LSG [r], NCAR (WM) [s], and HadCM2 [t]

bPerformance change is measured with respect to ECHAM4+0OPYC3 from CMIP2

“Performance change is measured with respect to NCAR (CSM) from CMIP2
dThese IPCC models do not have CMIP2 counterparts analyzed in AS02
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Table 2. The standard deviations of monthly anomalies of temperature (°C) over the

NINO3 (5°N-5°S, 150°W-90°W), NINO3.4 (5°N-5°S, 170°W-120°W), and NINO4

(5°N-5°S, 160°E-150°W) regions. Numbers in bold represent the region with peak

variability. For the reanalyses and the models the results are for surface air tempera-

ture. For HadISST the results are for sea surface temperature

Model/Region NINO4 NINO3.4 NINO3
HadISST vl.1 0.55 0.76 0.80
NCEP/NCAR 0.48 0.66 0.74
ERAL1S 0.51 0.87 0.95
CGCM3.1(T47) 0.41 0.42 0.38
CNRM-CM3 1.32 1.63 1.80
CSIRO-MK3.0 0.90 0.98 1.00
ECHAMS5/MPI-OM 1.15 1.36 1.36
GFDL-CM2.0 0.84 0.93 0.86
GFDL-CM2.1 1.10 1.23 1.20
GISS-AOM 0.12 0.12 0.13
GISS-EH 0.55 0.74 0.80
GISS-ER 0.10 0.12 0.15
FGOALS-gl1.0 1.55 1.83 1.83
INM-CM3.0 0.98 0.90 0.94
IPSL-CM4 0.61 0.89 0.92
MIROC3.2(hires) 0.27 0.29 0.29
MIROC3.2(medres) 0.45 0.48 0.48
MRI-CGCM2.3.2 0.85 1.03 0.89
CCSM3 0.60 0.92 0.95
PCM 0.62 0.81 0.84
UKMO-HadCM3 0.69 0.85 0.86
UKMO-HadGEM1 0.52 0.72 0.71

4.



Figure Captions

Fig. 1. Indices of monthly anomalies of surface air temperature (°C) have been calculated for the
NINO3 (5°N-5°S, 150°W-90°W), NINO3.4 (5°N-5°S, 170°W-120°W), and NINO4 (5°N-5°S, 160°E-
150°W) regions. For the models we only plot the standard deviation for the index with the largest stan-
dard deviation. Results from the CMIP2 (IPCC) models are given by the unshaded (shaded) circles.
Estimates of the observed standard deviation for each index are given from numerous sources, indicat-
ing that the observed standard deviation is largest in NINO3 and smallest in NINO4. Note: The stan-
dard deviation from HadISST is for sea surface temperature. See Table 1 for model identification

notation

Fig. 2. Maximum entropy power spectra of NINO3 (5°N-5°S, 150°W-90°W) surface air temperature
for a the IPCC models and b the CMIP2 models (after Fig. 4 in AchutaRao and Sperber 2002). The
vertical lines correspond to periods of 2 and 7 years. The power spectra from the reanalyses and for
SST from the HadISST version 1.1 dataset are given by the series of solid, dashed, and dotted black

curves

Fig. 3. December-February warm event composite anomalies of a surface air temperature (°C), b sea-
level pressure (hPa), ¢ precipitation rate (mm day'l). a and b are from ERA40 and ¢ is from GPCP. d-
f as a-c but for the CMIP2 MRI model. g-i as for a-c but for the [PCC MRI model. In a the boxes show
the tropical and North American domains over which pattern correlations, root mean square differenc-

es, and spatial standard deviations are calculated

Fig. 4. Taylor diagram of December-February warm event composite surface air temperature anoma-

lies. The plot summarizes the pattern correlation, root mean square difference, and spatial standard de-
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viation of each of the CMIP2 and IPCC models and NCEP/NCAR reanalysis with respect to ERA40

over the tropics (30°N-30°S, 90°E-90°W; see the black box in Fig. 3a)

Fig. 5. Pattern correlations over the tropics (30°N-30°S, 90°E-90°W; see the black box in Fig. 3a) of
December-February warm event composite anomlaies for the IPCC models with respect to observa-
tions are plotted against those of their CMIP2 counterparts for a surface air temperature (with respect
to ERA40) b sea-level pressure (with respect to ERA40), and ¢ precipitation rate (with respect to
GPCP). The solid filled circles give the results based on the composites from the full integration peri-
ods of the IPCC models. The box and whisker plots give the spread of pattern correlations from the
IPCC models when the data are sampled in 80 year segments that overlap by all but 10 years. The 80
year segments were chosen to match the length of the CMIP2 realizations. The extremes of the whis-
kers indicate the largest and smallest IPCC pattern correlations, the lower and upper limits of the boxes
correspond to the 25th and 75th percentiles, and the dividing line represents the median correlation.
The widths of the boxes are proportional to the number of 80 year segments. The diagonal lines repre-

sent equal pattern correlations for the CMIP2 and IPCC models

Fig. 6. Pattern correlations of December-February warm event composite precipitation anomalies are
plotted against pattern correlations of the December-February precipitation climatology for the CMIP2
and IPCC models. The pattern correlations are calculated with respect to GPCP precipitation over the
tropics (30°N-30°S, 90°E-90°W; see the black box in Fig. 3a). The linear regression fits for different

sets of models are given along with the standard error in parentheses

Fig. 7. Taylor diagram of December-February warm event composite anomalies over the North Amer-
ican region (20°N-70°N, 140°W-60°W; see the red box in Fig. 3a) from the CMIP2 and IPCC models

for a surface air temperature anomalies, b sea-level pressure anomalies, and ¢ precipitation rate anom-
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alies. The plots summarize the pattern correlation, root mean square difference, and spatial standard
deviation of anomalies. For a and b the metrics are calculated with respect to ERA40 reanalysis, and
for ¢ with respect to GPCP precipitation. In all cases, statistics from other observationally based

datasets are provided for comparison

Fig. 8. Pattern correlations of December-February warm event composite anomalies over North Amer-
ica (20°N-70°N, 140°W-60°W) are plotted with respect to the pattern correlation of December-Febru-
ary warm event composite precipitation anomalies in the tropics (30°N-30°S, 90°E-90°W) of a surface
air temperature, b Sea-level pressure, and ¢ Precipitation for the IPCC models. The lettered circles are
for the full record length of the IPCC simulations while the associated colored dots are for 80 year seg-
ments that overlap by all but 10 years. For a and b the pattern correlations are calculated with respect
to ERA40 and NCEP/NCAR reanalyses, and for ¢ with respect to GPCP precipitation. The linear re-

gression fit is given along with the standard error in parentheses
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Fig. 1. Indices of monthly anomalies of surface air temperature (°C) have been calculated for the
NINO3 (5°N-5°S, 150°W-90°W), NINO3.4 (5°N-5°S, 170°W-120°W), and NINO4 (5°N-5°S,
160°E-150°W) regions. For the models we only plot the standard deviation for the index with the
largest standard deviation. Results from the CMIP2 (IPCC) models are given by the unshaded (shad-
ed) circles. Estimates of the observed standard deviation for each index are given from numerous
sources, indicating that the observed standard deviation is largest in NINO3 and smallest in NINO4.
Note: The standard deviation from HadISST is for sea surface temperature. See Table 1 for model
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Fig. 2. Maximum entropy power spectra of NINO3 (5°N-5°S, 150°W-
90°W) surface air temperature for a the IPCC models and b the CMIP2
models (after Fig. 4 in AchutaRao and Sperber 2002). The vertical lines
correspond to periods of 2 and 7 years. The power spectra from the reanal-
yses and for SST from the HadISST version 1.1 dataset are given by the
series of solid, dashed, and dotted black curves
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Composite Surface Air Temperature (Tropics)

Compared against ERA40 Reanalysis Composite
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Fig. 4. Taylor diagram of December-February warm event composite surface air temperature anomalies. The plot
summarizes the pattern correlation, root mean square difference, and spatial standard deviation of each of the
CMIP2 and IPCC models and NCEP/NCAR reanalysis with respect to ERA40 over the tropics (30°N-30°S, 90°E-
90°W; see the black box in Fig. 3a)
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Fig. 5. Pattern correlations over the tropics (30°N-30°S, 90°E-90°W; see the black box in Fig. 3a) of December-Feb-
ruary warm event composite anomlaies for the IPCC models with respect to observations are plotted against those
of their CMIP2 counterparts for a surface air temperature (with respect to ERA40) b sea-level pressure (with respect
to ERA40), and ¢ precipitation rate (with respect to GPCP). The solid filled circles give the results based on the com-
posites from the full integration periods of the IPCC models. The box and whisker plots give the spread of pattern
correlations from the IPCC models when the data are sampled in 80 year segments that overlap by all but 10 years.
The 80 year segments were chosen to match the length of the CMIP2 realizations. The extremes of the whiskers
indicate the largest and smallest IPCC pattern correlations, the lower and upper limits of the boxes correspond to the
25th and 75th percentiles, and the dividing line represents the median correlation. The widths of the boxes are pro-
portional to the number of 80 year segments. The diagonal lines represent equal pattern correlations for the CMIP2

and IPCC models
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Fig. 6. Pattern correlations of December-February warm event composite precipitation anomalies are plotted against
pattern correlations of the December-February precipitation climatology for the CMIP2 and IPCC models. The pat-
tern correlations are calculated with respect to GPCP precipitation over the tropics (30°N-30°S, 90°E-90°W; see the
black box in Fig. 3a). The linear regression fits for different sets of models are given along with the standard error
in parentheses



Composite Surface Air Temperature (N. America)
Compared against ERA40 Reanalysis Composite
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Fig. 7. Taylor diagram of December-February warm event composite anomalies over the North American region
(20°N-70°N, 140°W-60°W; see the red box in Fig. 3a) from the CMIP2 and IPCC models for a surface air temper-
ature anomalies, b sea-level pressure anomalies, and ¢ precipitation rate anomalies. The plots summarize the pattern
correlation, root mean square difference, and spatial standard deviation of anomalies. For a and b the metrics are
calculated with respect to ERA40 reanalysis, and for ¢ with respect to GPCP precipitation. In all cases, statistics from
other observationally based datasets are provided for comparison
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Fig. 8. Pattern correlations of December-February warm event composite anomalies over North America (20°N-
70°N, 140°W-60°W) are plotted with respect to the pattern correlation of December-February warm event compos-
ite precipitation anomalies in the tropics (30°N-30°S, 90°E-90°W) of a surface air temperature, b Sea-level pressure,
and ¢ Precipitation for the IPCC models. The lettered circles are for the full record length of the IPCC simulations
while the associated colored dots are for 80 year segments that overlap by all but 10 years. For a and b the pattern
correlations are calculated with respect to ERA40 and NCEP/NCAR reanalyses, and for ¢ with respect to GPCP pre-
cipitation. The linear regression fit is given along with the standard error in parentheses



